Introduction
Ti ght glycemic control has been shown to reduce microvascular complications in patients with type 1 (T1DM) and type 2 diabetes mellitus (T2DM). 1, 2 There are at least 10 classes of medications available for treating T2DM and eight different types of insulin. While these treatments are successful for most, a subset of diabetic patients with severe insulin resistance (IR), who require large amounts of insulin, presents a challenge in achieving glycemic control.
Patients who require more than 200 units of insulin per day are considered to have severe IR. Besides obesity, other causes of severe IR include severe infections, steroid use, pregnancy, genetic defects of the insulin receptor gene (type A IR syndromes, Leprechaunism, and Rabson-Mendenhall syndrome), insulin receptor antibodies (type B IR syndrome), and lipodystrophy. [3] [4] [5] [6] These patients often have to inject more than 100 units or 1.0 ml of U-100 insulin at a time, which can cause injection site discomfort. The largest insulin syringes hold only 100 units, and insulin pens can deliver only 60-80 units per injection. Thus, these patients may require 4-8 injections per day, which can be burdensome and may lead to poor compliance. [7] [8] [9] In addition, a large subcutaneous insulin depot may impede absorption, and hypoglycemic effects may be delayed. 10, 11 Patients with severe IR using U-100 insulin via continuous subcutaneous insulin infusion (CSII) have to change insulin cartridges frequently, as the largest reservoir holds only 300 units of insulin. This is inconvenient and increases the cost of pump supplies. U-500 regular insulin (U-500R) is five-fold concentrated, such that each 1 ml contains 500 units of insulin. Therefore, the volume of insulin injected is reduced by 80%, resulting in fewer injections and less discomfort, as well as potentially improved insulin absorption. U-500 insulin beef regular was first available in 1952, and later U-500 insulin pork regular entered the market in 1980. 12 In 1997, human U-500R became commercially available [Humulin R U-500 in the United States, Eli Lilly and Company; Actrapid U-500 in the United Kingdom, Novo Nordisk (voluntary withdrawn in 2008)]. The use of U-500R has since received more attention. Prescriptions have increased 137% from June 2007 to June 2009. 12 The purpose of this article is to review efficacy, safety, and guidelines in the clinical use of U-500R.
Pharmacokinetics and Pharmacodymanics
Earlier studies 10, 13 have demonstrated a decreased absorption rate with increasing concentration or volume of subcutaneously injected insulin. In 1981, Galloway and colleagues 14 compared pork regular insulin injections at a dose of 0.25 units/kg and found no differences in serum insulin concentration between U-40, U-100, or U-500. However, the time to peak blood glucose response was significantly delayed with U-500 insulin. 14 Studies of human U-500R injections at a dose of 0.2 units/kg in lean, healthy volunteers demonstrated an onset of action within 30 min, peak action between 1.75 and 4 h, and duration of 6 to >10 h. 15 Using the same dose of U-500R in healthy obese subjects, the onset of action was found to be 45 min, time to peak action 7-8.5 h, and duration of action of 11.5 h. 16 A study performed in severely insulin resistant T2DM patients after 100 units of U-500R injections revealed that serum insulin concentration rose briskly in 30 min and remained elevated for at least 7 h, giving an onset time similar to U-100 regular insulin (U-100R) and a duration similar to U-100 neutral protamine Hagedorn. 15, 17 Interestingly, a study in healthy obese subjects comparing equivalent doses of U-500R and U-100R, 50-and 100-unit doses, demonstrated similar overall insulin exposure and overall effect. However, for U-500R, peaks of concentration and action profiles were blunted, and the effect after the peak was prolonged. 18
Review of Studies with U-500 Regular Insulin in Type 1 and 2 Diabetes

Methods
We searched PubMed and performed a meta-analysis of studies reporting U-500R use by multiple daily injections (MDI) and via CSII in nonpregnant T1DM and T2DM patients. We evaluated the effects of the treatment on the changes in hemoglobin A1c (HbA1c), body weight, and total daily insulin dose (TDD). The meta-analysis was done by fitting a DerSimonian-Laird random-effects model for each outcome, treating study as a random effect. The importance (i.e., weighting) of each study was inversely proportional to the standard error. If only the standard deviation/error was available for the pre-and posttreatment with U-500R, the standard error for the change was estimated assuming a correlation between pre-and posttreatment values of 0.50 for TDD, 0.90 for body weight, and 0.15 for HbA1c. These correlations were estimated from studies where raw data were made available.
Results
Use of U-500R via Multiple Daily Injections
We found 10 studies reporting a use of U-500R by MDI. 17, [19] [20] [21] [22] [23] [24] [25] [26] [27] We excluded 1 study because part of the data was included in a subsequent study. 17 Therefore, we analyzed 9 studies with a total of 310 patients ( Table 1) . Of note, this included data of 4 patients using U-500R via CSII, as they were not separately reported in the original studies. 21, 23 All studies but one 17 were retrospective. Mean duration of follow-up ranges between 6 and 36 months. Most patients had T2DM, with few having T1DM. 21, 24, 25 Patients in these studies had uncontrolled diabetes with severe IR. Mean baseline HbA1c was 9.1-11.3%, and TDD was 219-391 units. After U-500R initiation, there was a significant HbA1c reduction reported in all studies, ranging 1.0-3.29%, with an overall reduction of 1.59% [95% confidence interval (CI), 1.26-1.92] based on the (Figure 1 , Table 1 ).
In most studies, severe hypoglycemia was either not reported to be a problem or was no more frequent than with U-100R use. There was a slight increase in mild hypoglycemia within the first few months, but this usually declined afterwards. 23 One study, however, did find a significant increase in mild hypoglycemia from 13% to 42%. This was one of the most common reasons for U-500R discontinuation in that study. 25 Two studies reported that the number of insulin injections significantly decreased. 25, 26 In addition, there
were significantly fewer problems with insulin leakage from injection sites. 23 Three studies (total 137 patients) found no changes in systolic and diastolic blood pressure. 21, 23, 24 Four studies (total 190 patients) examined changes in lipid levels. 21, 23, 24, 27 Total cholesterol and triglycerides levels decreased in two studies 21, 27 but were unchanged in the others. High-density lipoprotein levels decreased in one study 27 but were unchanged in the other two. 21, 23 Low-density lipoprotein levels were unchanged. 21, 23 
Use of U-500R via Continuous Subcutaneous Insulin Infusion
Six case series have reported the use of U-500R via CSII, with a total of 55 patients and mean duration of follow between 3 and 30 months. [28] [29] [30] [31] [32] [33] (Figure 2, Table 1 ).
Similar to U-500R by MDI, hypoglycemia was not common after U-500R via CSII use, although a few patients had to suspend overnight infusion to avoid nighttime and early morning hypoglycemia. 32, 33 Interestingly, a 12-month prospective study of U-500R delivered by OmniPod ® (Insulet, Bedford MA) found a 70% increase in time spent in the target blood glucose range (70-180 mg/dl) without a significant increase in hypoglycemia as assessed by 72 h glucose monitoring. 30 Overall, use of U-500R MDI and U-500R via CSII appears to be equally effective in achieving glycemic control with HbA1c reduction of approximately 1.6% without significant increase in severe hypoglycemia. Use of U-500R MDI was associated with significant increase in body weight and TDD, while no significant changes were found in U-500R use via CSII. It is unclear whether lack of significance was due to the small number of patients and/or a relatively shorter follow-up period in CSII patients. Further investigation is required.
Other Clinical Use: Pregnancy and Syndromic Forms of Insulin Resistance
U-500R has been used to treat diabetes in pregnancy. It is labeled by the Food and Drug Administration (FDA) as category B for pregnancy use. Use of U-500R for both MDI and via CSII has been reported in a few pregnant patients with severe IR. 3, [33] [34] [35] Similarly for nonpregnant patients, this seems to be safe and effective. Due to the importance of postprandial glucose control during pregnancy and the slower onset of action of U-500R, meal bolus timing is crucial.
U-500R has been used in patients with extreme IR, including type A and type B IR syndrome, congenital and acquired generalized lipodystrophy, Rabson-Mendenhall syndrome, and HAIR-AN (hyperandrogenism, IR, acanthosis nigricans) syndrome. 36 Insulin requirements of these patients range from 1.6 units/kg/day to >566 units/kg/day. U-500R dosing is similar to that of other diabetes patients (see later), although delivery via CSII is preferred once TDD exceeds 2000 units. 36 In patients with insulin receptor abnormalities, the duration of U-500R is more prolonged because of a deficiency in insulin degradation. 36 
Combination with Other Antidiabetic Medications
U-500R can be combined with metformin provided there is no contraindication to metformin. As with other types of insulin, combination with thiazolidinediones can lead to significant weight gain and fluid retention. Interestingly, a study by Lane and colleagues 37 reported that an addition of liraglutide in patients using U-500R for 12 weeks led to a 1.4% HbA1c reduction, along with 28% insulin dose reduction, and average weight loss of 5.1 kg.
Patient Satisfaction
Quality of life and patient satisfaction, including perceived clinical efficacy, time spent in diabetes management, and psychological well-being, have been shown to improve after U-500R initiation in several studies. 23, 29, 30 The rate of discontinuation in studies with mean follow up of ≥1 year ranged 12-34%. 21, 25, 30, 33 Besides personal reasons and patient compliance, other reasons for discontinuation included improved glycemic control and decreased insulin requirement (hence no need for U-500R), increased frequency of mild hypoglycemia, and lack of insurance coverage. 21, 24, 25 Bariatric surgery led to resolution of diabetes in some patients. 21, 33 
Treatment Durability
The longest mean follow-up period reported was 30 to 36 months, with some patients followed for longer than 90 months. 21, 25, 33 Nayyar and colleagues 21 reported that subjects who were treated for longer than 36 months had a greater HbA1c reduction than those who were treated for a shorter period (1.88% vs 0.99%). In contrast, some studies showed that HbA1c trended up after an initial improvement during the first few months but was still lower than baseline. 17, 33 Boldo and colleagues 25 found that HbA1c reduction was comparable in patients using U-500R for less than versus more than 1.5 years. Available data suggest that only 8-25% of the patients achieved a goal HbA1c of <7%, 21, 23, 25, 28, 33 reflecting ongoing difficulties in diabetes management in this population. There is no information on U-500R use on long-term outcomes such as microvascular complications. However, they are expected to be prevented or delayed should glycemic control be maintained over long periods of time.
Cost Considerations
U-500R is supplied only in a 20 ml vial containing 10,000 units. Although the price per vial is higher than U-100R, the cost per unit is considerably less. 12 U-500R has a shelf life of 28 days after opening; therefore, patients requiring less than 300 units per day might have some insulin wastage. Knee and colleagues 31 (Figure 3) . For TDD, one should consider increasing by 10-20% for HbA1c levels >10% and decreasing by 10-20% if HbA1c is <8%. If HbA1c is 8-10%, unit per unit conversion is suggested.
For TDD between 150 and 200 units, twice daily injections are proposed, with 60% dose given before breakfast and 40% before dinner (60/40). If three daily injections are preferred, then the dose can be distributed before meals at the proportion of 40/30/30, 45/35/30, 40/40/20, or 33/33/33. The patients should inject at least 30 min via CSII. However, the real potential savings are related to the reduction of diabetes complications with improved glycemic control. 9
Suggestions in Initiating U-500 Regular Insulin
U-500R should be considered in patients with TDD >200 units and especially when TDD exceeds 300 units. Although there are no formal guidelines, we summarize suggestions proposed by several authors in transitioning patients from U-100 to U-500R-both as MDI and via CSII-taking into account HbA1c levels and TDD 9,12,30,36 Figure 3 . Suggestions for U-500R initiation. Adapted from Lane et al. 9 and Segal et al. 12 before meals. For severe premeal hyperglycemia and postprandial hyperglycemia not corrected by premeal U-500R, rapid acting insulin analogs can be added. 9, 17, 25 As U-500R can be used either as a bolus or basal insulin, it can be combined with basal insulin such as detemir or glargine. In this case, the patients should maintain basal-bolus ratio used before the transition, with U-500R distributed as bolus insulin. Basal insulin can be adjusted according to fasting glucose values.
For TDD between 300 and 600 units, three daily injections should be considered. If morning hyperglycemia is experienced, a fourth injection can be added at bedtime at 10%, with close monitoring of 3 a.m. glucose to detect nighttime hypoglycemia. Combination with basal insulin, if needed, can be done as described earlier.
For TDD above 600 units, one can consider four daily injections at the proportion 25/25/25/25 or 30/30/30/10. Combination with basal insulin is not practical at this point because the dose is large and patients will likely require more than one injection per day.
In patients whose TDD is between 300 and 600 units and who require multiple injections daily, as well as patients with TDD >600 units, therapy via CSII should be considered (note that this is not an approved indication by the FDA). Lane and colleagues 9 proposed transitioning to CSII from U-100 insulin as follows.
The hourly basal rate is 50% of previous TDD divided by 24 and divided by 5 into "pump units." The other 50% is distributed as premeal boluses. If there is a concern for hypoglycemia or if HbA1c is near normal, 20% dose reduction is suggested. For patients who are counting carbohydrates, the carbohydrate factor of U-100 insulin is multiplied by 5 (i.e., 1 unit of U-100 insulin per 4 g of carbohydrates becomes 1 "pump unit" of U-500R per 20 g of carbohydrates). Meal boluses should be taken at least 30 min before meals. Basal rate adjustment should be made 2 h prior to the desired time of glycemic effects. Insulin action time is typically set between 4 and 6 h to avoid hypoglycemia from insulin stacking.
Safety and Prescription Considerations
As U-500R is five times as concentrated as U-100R, precautions are needed to ensure correct dispensing and administration. Using postmarketing experience and clinical studies, a review of U-500R safety by the manufacturer in October 2008 found 22 cases of medication errors. 12 Administration and dispensing were the most common adverse events (82%), with hypoglycemia occurring in 36.3% of the cases. Four patients were given U-100 instead of U-500R. One patient received U-500R instead of U-100 insulin, resulting in fatality. 12 The calculated reporting rate of medication errors associated with U-500R was 0.06%-considered to be a rarely reported event.
Lane and colleagues 9 provided recommendations for writing U-500R prescriptions suggesting that U-500R should be prescribed by both volume and actual units. The volume can be calculated by dividing U-100 dose by 5. Use of tuberculin syringes, which are marked in volume, is advocated by some authors. However, these may not be widely available, and the needle size is larger than insulin syringes (smallest 27 g). The prescription should indicate as follows: "U-500 insulin 50 units (0.1 ml or 10 insulin syringe units) inject twice daily." In March 2011, the FDA issued safety label changes stating that "the prescribed dose of Humulin R U-500 should always be expressed in actual units of Humulin R U-500, along with corresponding markings on the syringe the patient is using," and that "a conversion chart is provided and should always be used when administering Humulin R U-500 doses with U-100 insulin syringes or tuberculin syringes." 38 ( Table 2) .
For use via CSII, insulin dosing should be instructed in "pump units," as stated earlier. Patients need to ensure that the pump is disconnected from the body during the priming to prevent erroneous insulin administration. 39
Hospital Use of U-500 Regular Insulin
U-500R is considered a high-alert medication for in-hospital use due to potential medication errors. 12 While some advocate that patients already using U-500R at home should continue to do so when hospitalized, 9 some institutions do not allow or do not have the insulin on formulary. When using U-500R in the hospital, an order sheet or a computer order entry screen specifically designed for U-500R should be used. This should include the actual number of units and either volume needed (for tuberculin syringe) or "unit markings" on U-100 insulin syringes. It is advised that U-500R not be stored on the hospital floors and each individual dose be prepared and dispensed by the pharmacy. 12, 40, 41 These interventions have been shown to significantly reduce hypoglycemic incidences. 40
Discussion
Although U-500R insulin may improve glycemic control in appropriate patients, a number of important issues remain unanswered. Treatment with U-500R MDI results in significant weight gain. Whether morbidity from weight gain (i.e., sleep apnea, osteoarthritis, cardiovascular disease) negates the benefits of glycemic control over the long-term is unknown. In addition, hypoglycemia resulting from U-500R has not been rigorously evaluated. Almost all studies rely on self-reported hypoglycemia; the incidence of asymptomatic hypoglycemia is unclear.
More extensive studies using continuous glucose monitoring are needed to better understand hypoglycemia risk. Whether U-500R prevents diabetes complications has also not been examined. Prospective evaluation of U-500R both via MDI and CSII is critical to better understand issues of efficacy and safety.
Conclusion
U-500R, both via CSII and MDI, is effective in improving glycemic control, increases satisfaction and quality of life, as well as offers potential cost savings in patients who require high doses of insulin. While retrospective data may be promising, prospective studies are necessary to assess long-term effectiveness and adverse effects of this insulin.
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